The TAM (Tyro3, Axl, and MerTK) family of receptor tyrosine kinases (RTKs) and their ligands, Gas6 and ProS1, are important for innate immune responses and central nervous system (CNS) homeostasis. While only Gas6 directly activates Axl, ProS1 activation of Tyro3/MerTK can indirectly activate Axl through receptor heterodimerization. Therefore, we generated Gas6 axons and less myelin in the DKO mice. There were no significant differences in the number of GFAP1 astrocytes or Iba11 microglia/macrophages between the groups of mice. However, at 6-weeks cuprizone and recovery, DKO mice had increased proinflammatory cytokine and altered suppressor of cytokine signaling (SOCS) mRNA expression supporting a role for Gas6-Axl signaling in proinflammatory cytokine suppression. Significant motor deficits in DKO mice relative to WT mice on cuprizone were also observed. These data suggest that Gas6-Axl signaling plays an important role in maintaining axonal integrity and regulating and reducing CNS inflammation that cannot be compensated for by ProS1/Tyro3/MerTK signaling.
2002; Hemmer, Cepok, Nessler, & Sommer, 2002; Kornek et al., 2000) .
Major obstacles for individuals with MS are maintenance of axonal function, mobility, and the ability to efficiently remyelinate axons following bouts of demyelination. Current MS treatments modulate immune responses but are ineffective at protecting against immunemediated damage or aiding in CNS repair. Therefore, understanding the cell signaling pathways that regulate the survival of CNS-resident cells during and after an inflammatory attack is paramount for therapeutic development. While no perfect mouse model of MS exists, several models attempt to examine various aspects of the observed CNS pathology. The cuprizone model employed in our studies provides a reproducible manner to study demyelination, inflammation, axonal damage, and myelin repair/remyelination (Hiremath et al., 1998; Mason et al., 2000; Schultz et al., 2017) .
Tyro3, Axl, MerTK (TAMs) and their respective ligands, Gas6 and ProS1, play major roles in regulating inflammation and homeostasis (Lemke & Rothlin, 2008; Rothlin et al., 2007) . Gas6 is the sole ligand for Axl; however, Axl can bind or heterodimerize with other receptors including Tyro3, MerTK, epidermal growth factor receptor (EGFR), and type I interferon receptor (IFNAR) to initiate intracellular signaling (Rothlin et al., 2007; Vouri et al., 2016) . Gas6 is highly expressed in the healthy mouse CNS by microglia, endothelial cells, and neurons (Prieto, Weber, Tracy, Heeb, & Lai, 1999; Zhang et al., 2014) . While Axl is expressed by astrocytes, oligodendrocyte progenitor cells (OPCs) and to a lesser degree on other resident CNS cells, it can be upregulated by microglia during certain pathological conditions and inflammation (Fourgeaud et al., 2016; Prieto, Weber, & Lai, 2000; Yin et al., 2017; Zhang et al., 2014) . Expression of ProS1 is seen in microglia and endothelial cells (Zhang et al., 2014) and along with MerTK and Gas6 are highly expressed in homeostatic microglia (Butovsky et al., 2014) .
The importance of both Gas6 and Axl signaling has been well documented in the CNS during autoimmune and demyelinating conditions such as MS and in mice during myelin oligodendrocyte glycoprotein (MOG)-induced experimental autoimmune encephalomyelitis (EAE) and the cuprizone toxicity model (Akkermann et al., 2017; Binder et al., 2008; Goudarzi, Rivera, Butt, & Hafizi, 2016; Gruber et al., 2014; Hoehn et al., 2008; Shankar et al., 2006; Tsiperson, Li, Schwartz, Raine, & Shafit-Zagardo, 2010; Weinger et al., 2011; Weinger, Omari, Marsden, Raine, & Shafit-Zagardo, 2009 ). Our study of TAM proteins in MS lesions showed elevated levels of soluble Axl and MerTK, and increased levels of proteins associated with Axl and MerTK solubilization that is not seen in normal appearing white matter from the same individuals (Weinger et al., 2009) . Soluble Axl and MerTK are known to act as decoy receptors and block Gas6 binding to membrane-bound receptors. Dysregulation of protective Gas6 receptor signaling is thought to prolong lesion activity. To eliminate Gas6 signaling, including abolishing Axl activation via interaction with other receptors, we generated Gas6 -/-Axl -/-double knockout (DKO) mice to specifically examine the contribution of this signaling axis, while retaining ProS1 signaling through Tyro3 and MerTK. While others and our laboratory have examined Axl -/-KO and Gas6 -/-KO mice in the cuprizone model, the motor impairment, extensive axonal damage, pathology, and prolonged cytokine expression that we observe in the corpus callosum of DKO mice have not been reported (Binder et al., 2008; Hoehn et al., 2008) . Thus, complete deletion of the Gas6 signaling pathway and inability of Axl to crosstalk with other receptors appears to significantly impact resolution of inflammation, axonal integrity and remyelination, which cannot be compensated for by ProS1/MerTK/Tyro3 signaling. Genotypes were confirmed using duplexed PCR assays for both WT and knockout (KO) alleles (Platinum PCR SuperMix, ThermoFisher Scientific) for each gene followed by gel electrophoresis. The following PCR cycling parameters were used: 958C for 2 min, followed by 40 cycles of 958C for 30 s, 558C for 30 s, and 728C for 1 min with a final extension step of 728C for 5 min and 48C hold. All primers were used at 10 lM. Primer sequences are listed in Table 1 .
| M A TE RI

| Cuprizone treatment
Mice were fed 0.2% (w/w) cuprizone (Sigma; St. Louis, MO) in powdered chow ad libitum for 6 weeks. Food was changed on a Monday, Wednesday, Friday schedule followed by regular chow pellets for an additional 1, 3, or 6 weeks. Mice were sacrificed at 4-weeks, 5-weeks, and 6-weeks cuprizone-supplemented diet, and during the recovery phase, 1-, 3-, or 6-weeks after the removal of cuprizone from the diet. For immunohistochemical analysis, brains were removed following cardiac perfusion with 4% paraformaldehyde, and paraffin-fixed and frozen sections were prepared. Coronal sections of brain (10 lm) were cut on a cryostat and the midline of the corpus callosum was evaluated at the region of the fornix corresponding to sections 220-260 of Sidman's mouse atlas (Sidman, Angevine, & Pierce, 1971 ).
| Electron microscopy
Following cardiac perfusion with 2% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M cacodylate buffer, the brain was removed, and the area immediately encompassing the midline of the corpus callosum was cut into 1-mm sections and oriented such that cross sections of axons within the corpus callosum were obtained. Ultrathin sections were cut, stained with uranyl acetate and lead citrate. Photographs of the axons cut in cross section were obtained and minimally 5 fields of 5,0003
non-serial sections were used to calculate the mean number of myelinated axons/5,0003 sheet. Print magnification was 13,5003. Image J software was used to calculate the axonal diameter, myelin thickness and g-ratios of 3-4 animals; 100 axons/mouse were counted. The gratio represents the ratio of the diameter of the axon to the diameter of the axon plus myelin.
| Immunostaining
Sections were incubated with CC1, a monoclonal antibody (mAb) to the mature oligodendrocyte marker APC (adenomatous polyposis coli, (1:20,000; EMD Millipore) were performed on frozen sections. All sections were incubated for 30 min with 13 Tris-buffered saline pH 7.4 (13 TBS) containing 0.25% Triton X-100, followed by a 1 h incubation in 5% goat serum and 5% nonfat dry milk in 13 TBS, and incubated with antibodies diluted in 5% nonfat dry milk in 13 TBS, overnight at 48C. Stained sections were washed with 13 TBS 1 0.1% Tween and incubated with secondary antibody directly conjugated to Alexa-fluor (Invitrogen; Eugene, OR) for 1 h, washed 3 times in 13 TBS, followed by 10 min incubation with 4 0 ,6-diamidino-2-phenylindole (DAPI;
1:1,000; Sigma), followed by 3 washes with 13 TBS, and mounted with Biomeda aqueous mounting medium (Biomeda, Inc.; Foster City, CA 
| Object Placement
The object placement test of spatial working memory (Ennaceur & Delacour, 1988; Ennaceur & Meliani, 1992 ) is based on the natural and robust tendency of rodents to preferentially explore novel objects (Ennaceur & Delacour, 1988) . The assay was performed essentially as described previously (Ennaceur & Delacour, 1988; Ennaceur & Meliani, 1992) . Briefly, in Trial 1, mice were placed in an opaque plastic arena (16 00 square) and allowed to freely explore 2 identical, non-toxic objects (such as plastic, glass, or ceramic items) for 6 min. High contrast visual cues were placed on the walls of the open field. The time spent exploring the objects was recorded manually with timers, after which the animal was returned to the home cage. Following a retention interval of 25 min, the animal was returned to the arena in which one of the objects was displaced in space (Trial 2). Care was taken to ensure that the intrinsic relationship between the objects was changed, and not just the position relative to a visual cue. The mouse was again allowed to explore for 3 min, during which time the exploration of both the displaced (novel) and familiar objects was scored. Preference scores are illustrated as the percent of exploration of the new object/ exploration of new 1 old, thus 50% exploration indicates no preference for the novel object. Results are also shown as the proportion of subjects passing and failing where passing criteria is a 55% preference score. This rationale and validation of this criterion has been detailed elsewhere (Cole et al., 2013; Li, Vijayanathan, Gulinello, & Cole, 2010a; Li, Vijayanathan, Gulinello, & Cole, 2010b) . There was no significant difference in motor performance of naïve WT and DKO mice on the balance beams, negative geotaxis, and object placement assays. Testers were blinded to the genotype of the mice.
| Statistical analysis
All values are presented as mean 6 standard error of the mean (SEM). Statistical analyses were performed in GraphPad Prism Software. Significance was determined using a two-tailed unpaired stu- 3.2 | Less remyelination and extensive axonal damage is observed in DKO mice after 3-weeks recovery from cuprizone diet
To determine whether DKO mice are able to efficiently recover from cuprizone toxicity, we examined tissue pathology in the corpora callosa were not counted in the g-ratio calculations since we do not include unmyelinated or naked axons in our calculations. Analysis of g-ratio,
axonal diameter, and myelin thickness for the naïve mice and at 3-weeks recovery were performed ( Table 2 ). The data showed no significant difference in the two groups of mice at 3-weeks recovery;
however, there was a trend toward increased axonal diameter in the DKO mice (0.820 6 0.060) at 6-weeks cuprizone 1 3-weeks recovery relative to the WT mice (0.735 6 0.056), p > 0.05.
3.3 | Zebra bodies and numerous lipid droplets are found at the midline of the corpus callosum of DKO mice at 6-weeks cuprizone 1 3-weeks recovery
Zebra bodies comprising amorphous electron dense inclusions containing clearer crystalline stacks of membranes believed to be composed of aggregated proteins, membranes and lipids (Hirano, 1971 (Hirano, , 1997 (Raine, 1999) .
While the predominant cell type containing zebra bodies was consistent with microglia/macrophages in the vicinity of damaged axons and cells, we observed in the DKO corpora callosa some oligodendrocytes that contained zebra bodies; note the zebra bodies adjacent to the nucleus in the corpus callosum of a DKO mouse in Figure 4f . The presence of zebra bodies in oligodendrocytes 3.4 | Deletion of the Gas6-Axl signaling axis results in defective debris clearance following cuprizone diet Efficient clearance of debris is critical for remyelination, repair, and resolving inflammation (Clarner et al., 2012) . Therefore, the corpora callosa of DKO and WT mice were examined using Oil Red O stain to determine whether deletion of the Gas6-Axl signaling axis would affect clearance of neutral lipids during cuprizone diet and recovery.
At 5-weeks cuprizone diet, moderate Oil Red O1 staining intensity is observed in both WT and DKO mice ( Figure 5a) ; however, there were no noticeable differences. Staining intensity peaked at 6-weeks cuprizone diet with noticeable decline in lipid staining at 1-week recovery, and no visible Oil Red O1 droplets observed in the WT mice at 3-weeks recovery. By contrast, DKO mice displayed more lipid droplets relative to WT mice at both 1-week and 3-weeks recovery indicating that deletion of both Gas6 and Axl signaling in vivo impairs debris clearance during recovery from cuprizone toxicity.
In addition to differences in lipid debris clearance seen by Oil Red O staining, we observed increased numbers of pathologic lipid droplets in the corpora callosa of DKO mice relative to WT mice at 6-weeks cuprizone 1 3-weeks recovery by TEM (Figure 5b , white arrowheads).
As part of our analyses, we examined all the contact sheets in both D) . Also, the percentage of 35,000 contact sheets/mouse containing swollen axons with MVBs and autophagic vacuoles was higher in DKO mice relative to WT mice (C,E). Values are present as mean 6 SEM. Statistical analysis was performed using a student's t-test in GraphPad Prism software 3.5 | Over time, deletion of the Gas6-Axl signaling axis does not affect the number of immature and mature CC11 oligodendrocyte populations but does alter remyelination and corpus callosum thickness during recovery
Given the observed differences in myelination after 3-weeks recovery, we examined if there were differences in immature and mature OL numbers during cuprizone diet and recovery. Examination of the number of OPCs present at the midline at 5-and 6-weeks cuprizone diet and after 1-and 3-weeks recovery was performed using a polyclonal antibody to PDGFRa. showed minimal myelin staining at 5-weeks cuprizone with only myelin punctae visible at the midline (Figure 6b ). At 6-weeks cuprizone, moderate myelin staining was observed in both groups of mice with no notable differences. Despite no differences in remyelination while on cuprizone, DKO mice displayed a noticeable lag in remyelination after 1-and 3-weeks recovery relative to WT. The decreased myelin staining observed in DKO after 3-weeks recovery is consistent with less MBP FIG URE 4 TEM show pronounced zebra bodies in the cell body of microglia and oligodendrocytes of DKO mice at 6-weeks cuprizone 1 3-weeks. Zebra bodies (black arrowhead) consisting of dark amorphous bodies composed of stacks of membranes were observed in WT (a) and DKO (b) corpus callosum. A large zebra adjacent to the nucleus of a microglia is seen in c; A denotes axon, M denotes microglia. The microglia is in contact with a swollen axon (white box) seen at higher magnification in d. A normal appearing oligodendrocyte with nucleus (lower right), rich cytoplasm and elongated process extending toward and contacting thinly myelinated axons indicative of remyelination is also observed in c (black box, enlarged in e). The arrow in e is indicative of a point of contact between the oligodendrocyte process and an axon at higher magnification. An oligodendrocyte with zebra bodies in the cell body adjacent to the nucleus is shown in f
staining, fewer cytoplasmic Olig11 oligodendrocytes (Figure 2) , and fewer myelinated axons observed via TEM (Figure 3 ). Remyelination at 6-weeks recovery was performed to determine if DKO mice are able to sufficiently repair and remyelinate to a similar extent as WT mice over an extended recovery period. Staining at the midline of the corpus callosum showed robust remyelination after 6-weeks withdrawal in both DKO and WT mice (Figure 6c ). However, despite the similar extent of remyelination, a pronounced and significant narrowing of the corpus callosum at the midline of DKO mice was observed (120.10 lm 6 4.75 lm; n 5 7) relative to WT mice (145.2 lm 6 5.87; n 5 9), p 5 0.0066. This narrower width in the DKO corpus callosum was not observed at earlier time points.
3.6 | The number of astrocytes and microglia/ macrophages at the midline of the corpus callosum are unaffected in DKO and WT mice
Astrocytes and microglia/macrophages are the predominant phagocytic and inflammatory cell populations in the CNS and can aid in remyelination (Olah et al., 2012; Parenti et al., 2010) . Given the observed differences in debris clearance and axonal damage following recovery, we examined whether this may be partially due to differences in astrocyte and microglia/macrophage recruitment. Cells with a defined DAPI1 nucleus and GFAP1 cytosolic staining were counted as astrocytes and the number of GFAP1 astrocytes/mm 2 at the midline of the corpus FIG URE 5 DKO mice display defects in debris clearance and more pathological lipid droplets at 6 weeks cuprizone 1 3 weeks recovery. a) Frozen sections from DKO and WT mice were incubated in Oil Red O to stain for neutral lipid debris during 5-and 6-weeks cuprizone and 6-weeks cuprizone 1 1-week and 3-weeks recovery. Mounted slides were imaged on a Perkin Elmer P250 Panoramic Slide Scanner and images were analyzed in Panoramic Viewer software. b) Lipid droplets appearing as round gray spherical structures depicted by white arrowheads were counted in 5-7 contact sheets/mouse from male and female DKO and WT mice. DKO mice had significantly more lipid droplets at the midline of the corpus callosum following 3-weeks recovery from cuprizone. Values are presented as mean 6 SEM and analyzed using student's t-test [Color figure can be viewed at wileyonlinelibrary.com]
FIG URE 6 Remyelination in DKO mice lags following 1-week and 3-weeks recovery from cuprizone diet. (a) Immunofluorescent staining of OPCs (PDGFRa, left), Olig21 OLs (center), and CC11 OLs (right) at 5-and 6-weeks cuprizone diet and 1-week and 3-weeks recovery. No significant differences in the numbers of PDGFRa1 OPCs, total Olig21 OLs, and CC11 OLs at the midline of the corpus callosum of WT (black bars) and DKO (grey bars) mice by Mann-Whitney U test. (b) Frozen sections from WT and DKO mice after 5-and 6-weeks cuprizone and 6-weeks cuprizone 1 1-week and 3-weeks recovery were stained with Black Gold II Myelin stain (Millipore). (c) Frozen sections from WT (n 5 9) and DKO (n 5 6) mice after 6-weeks cuprizone 1 6-weeks recovery were stained as in b. Corpus callosum width displayed in micrometers 6 SEM was measured using Panoramic Viewer software. Measurements were analyzed using in GraphPad Prism v7 software using student's t-test [Color figure can be viewed at wileyonlinelibrary.com] callosum is illustrated in Figure 7 . Peak astrocyte numbers were 3.7 | DKO mice have increased pro-inflammatory cytokine expression at 6-weeks cuprizone treatment that is maintained following 1-week recovery from cuprizone
Despite no observable differences in astrocyte and microglia/macrophage populations, we wanted to examine whether there were any differences in proinflammatory cytokine expression during cuprizone diet and recovery which may at least partially account for the differences in remyelination and increased axonal damage. The mRNA expression TNF-a, IFN-c, IL-1b, and IL-6 in the corpora callosa of WT and DKO mice were determined by qRT-PCR and normalized to HPRT. We first analyzed the expression of these cytokines in naïve animals, and found no significant difference in expression between naïve DKO and WT mice (Figure 8 ). Relative to naïve, TNF-a was elevated in both the DKO and WT corpus callosum at 4-, 5-and 6-weeks cuprizone diet and persisted after 1-week recovery ( Figure 8a ). In WT mice, TNF-a expression peaked at 5-weeks cuprizone, followed by a steady decrease at 6-weeks and during the 1-week recovery period. In the DKO, TNF-a expression was significantly higher than WT at 6-weeks cuprizone and was downregulated after 1-week recovery from cuprizone, but did not decrease to WT levels.
IFN-g is known to have a deleterious effect on the remyelination process (Lin et al., 2006; Maña, Liñares, Fordham, Staykova, & Willenborg, 2006) , and similar to TNF-a, IFN-c mRNA in WT and DKO mice steadily increased between 4 and 5 weeks relative to their naïve counterparts. By 6-weeks cuprizone treatment, WT IFN-c was downregulated to levels below that of 4-weeks, whereas DKO IFN-c expression remained significantly elevated and remained so at 1-week recovery (Figure 8b ). Over the same time course, IL-1b expression increased in both groups of animals with peak expression at 5-weeks cuprizone treatment. At both 6-weeks cuprizone diet and 1-week recovery, DKO IL-1b expression remained higher than WT, but significance was not achieved (Figure 8c ).
In response to injury and to protect cells of the CNS from damage, IL-1b, IFN-g, and TNF-a can induce neurons, astrocytes and microglia to produce IL-6 (Ringheim, Burgher, & Heroux, 1995; Woodroofe et al., 1991) . IL-6 mRNA expression in DKO mice was significantly higher than WT at 4-and 6-weeks cuprizone, and remained elevated after 1-week recovery (Figure 8d ). This increased IL-6 expression suggests ongoing pathology in the DKO corpora callosa while WT mice recover.
TGF-b1 is a differentiation factor for microglia, and protects neurons against injury and neurodegeneration (Brionne et al., 2003; Flanders, Ren, & Lippa, 1998; Henrich-Noack, Prehn, & Krieglstein, 1996; Wiessner et al., 1993) . TGF-b1 -/-mice have fewer microglia in the CNS, develop late onset motor dysfunction, and have reduced Axl expression and increased neuronal cell death in the brain (Brionne et al., 2003; Butovsky et al., 2014; Flanders et al., 1998; HenrichNoack et al., 1996; Wiessner et al., 1993) . In light of the extensive axonal damage and pathology observed in the corpus callosum, we examined TGF-b1 mRNA expression throughout cuprizone diet and 1-week recovery in DKO and WT mice and observed no significant differences in expression (Figure 8e ).
Suppressor of cytokine signaling (SOCS), specifically SOCS1 and SOCS3 are expressed primarily in immune cells and CNS resident cells and impact cytokine/chemokine production, microglia/macrophage and astrocyte activation, and immune cell infiltration (reviewed in (Baker, Akhtar, & Benveniste, 2009 ). In the periphery, Axl signaling dampens inflammation by inducing downstream signaling of SOCS1 and SOCS3 via IFNAR activation (Lemke & Rothlin, 2008) . Therefore, we determined whether DKO mice could effectively regulate SOCS1 and SOCS3 mRNA expression. Compared to their naïve counterparts, SOCS1 expression in WT corpora callosa was upregulated at 4-weeks and peaked at 5-weeks cuprizone (Figure 8f,g ). At the 6-week time point and after 1-week recovery, SOCS1 expression returned to baseline and was similar to naïve expression. By contrast, DKO mice failed to upregulate SOCS1 at all measured time points. In the WT corpora callosa, SOCS3 mRNA was significantly elevated at 4-and 5-weeks cuprizone diet relative to naïve WT mice and expression returned to baseline by FIG URE 7 Astrocyte and microglia/macrophage recruitment is not affected by deletion of Gas6-Axl signaling. Immunofluorescent staining for astrocytes (left, GFAP) and microglia/macrophages (right, Iba1) was performed on frozen sections (n 5 3-9/group/time point). GFAP1 and Iba1 glia were counted and translated to cells/ mm 2 6SEM. Data were analyzed in GraphPad Prism by Mann-Whitney U test
|
6-weeks cuprizone and following 1-week recovery. In the DKO corpus callosum, SOCS3 mRNA expression was equivalent to WT expression levels at 4-and 5-weeks cuprizone, but was significantly higher than WT mice by 6-weeks cuprizone treatment and following 1-week recovery. The increase in SOCS3 mRNA retained in the DKO corpus callosum is consistent with TNF-a, IFN-c and IL-6 expression. Taken FIG URE 8 DKO mice have increased pro-inflammatory cytokine expression at 6-weeks cuprizone treatment and 1-week recovery relative to WT mice. A 2-mm section of corpora callosa was isolated at the midline from DKO (gray thatched bars) and WT (black bars) mice following perfusion with PBS. The isolated region was homogenized in Trizol. Extracted RNA was reverse transcribed and qRT-PCR was performed. All genes were normalized to HPRT expression with naive (0-weeks) WT mice set as the reference. Differences in expression are shown as 2 -ddCt . Data is presented as mean 6 SEM and analyzed in GraphPad Prism by student's t-test, p 0.05 as significant
together, the data suggest that DKO mice have elevated proinflammatory cytokine expression relative to WT that likely delays recovery and contributes to the observed axonal damage and delay in remyelination.
Given the role of TAM receptors and their respective ligands in modulating inflammatory responses, we examined their expression levels over the course of cuprizone diet and 1-week recovery. In WT mice, Gas6 mRNA expression was highest at 4-weeks cuprizone treatment by 2-fold relative to baseline (Figure 8h ). Expression levels decreased at 5-weeks and continued to decrease through 1-week recovery. A similar expression profile was seen with Axl mRNA (Figure   8i ). Tyro3 expression profiles were similar in naïve WT and DKO mice (Figure 8j ). However, WT mice showed a highly significant increase in Tyro3 expression after 4-weeks cuprizone (48.5-fold over baseline expression), which declined by 5-weeks and remained at naïve levels until 1-week recovery when it increased relative to naïve WT and DKO expression levels. At all-time points examined, DKO corpora callosa showed minimal and nonsignificant increases in Tyro3 expression relative to naïve DKO mice. MerTK expression was also assessed ( Figure   8k ). At 4-weeks cuprizone, WT mice showed a 15-fold increase in
MerTK mRNA which steadily decreased over the course of cuprizone diet, eventually returning to near-baseline levels after 1-week recovery.
Relative to naïve DKO mice, MerTK expression was upregulated 
| D I SCUSSION
To better understand how the Gas6-Axl signaling axis affects axonal integrity during recovery from demyelination and inflammation, we studied our newly generated DKO alongside WT mice during acute cuprizone demyelination and remyelination. Following 3-weeks recovery from cuprizone, DKO mice had significantly more axonal damage, fewer myelinated axons, and significantly less myelin relative to WT mice. Additionally, DKO mice had decreased numbers of cytoplasmic Olig11 OLs and higher numbers of nuclear Olig11 OLs indicative of ongoing remyelination. This was further confirmed by the presence of OL processes in contact with unmyelinated axons in the DKO corpus callosum by TEM. Similar to the Axl -/-and Gas6 -/-single KO mice, there was no significant difference in axon diameter, myelin thickness, and g-ratio of DKO mice compared to WT (Binder et al., 2008; Hoehn et al., 2008) . While Axl -/-mice show no differences in the number of myelinated axons in the corpus callosum at 3-weeks recovery, significantly fewer myelinated axons are observed in DKO relative to WT mice, suggesting that deletion of Axl alone does not directly impair remyelination (Hoehn et al., 2008) . The ability of Axl -/-mice to efficiently remyelinate axons at 3-weeks recovery while Gas6 -/-and DKO mice show impairment in remyelination provide further support of a role for Gas6-Tyro3 signaling in remyelination (Akkermann et al., 2017; Goudarzi et al., 2016; Prieto, O'Dell, Varnum, & Lai, 2007; Prieto et al., 2000) .
Axonal damage was not reported in cuprizone-treated Gas6 Axl -/-mice during recovery (Hoehn et al., 2008) . The degree of axonal damage in Axl -/-mice was not as extensive as that seen in the DKO mice. Additionally, at 6-weeks cuprizone 1 6-weeks recovery the width of the corpus callosum of DKO mice was significantly narrower than WT mice suggesting that either fewer axons are present due to axonal dropout or fewer axons have properly remyelinated due to the preceding axonal damage. Therefore, while the axon's ability to efficiently recover from cuprizone toxicity is compromised in Axl -/-mice, DKO are more severely affected (Table 3) .
FIG URE 9
Deletion of Gas6 and Axl signaling causes behavioral and motor deficits in DKO mice during cuprizone-mediated toxicity. Two behavioral tests were used to assess motor function during cuprizone diet. (a) Negative geotaxis was used to assess proprioceptive pathways and is measured by the latency (seconds) to right when placed head downward on a grid screen. Mice were tested after 5-and 6-weeks cuprizone diet. (b) The balance beam test, assessing motor coordination as the number of slips made while crossing a round wooden beam over 3 levels of difficulty (with smaller diameter beams being harder). For a and b, data were analyzed in GraphPad Prism using Mann-Whitney, p 0.05 as significant. (c) Cognitive deficits in the object placement test visuospatial memory were significantly different between cuprizone-treated DKO mice and cuprizone-treated WT mice after 6-weeks when preference for the novel object is expressed as a preference score (left panel, p 5 0.003) or as the % of subjects passing and failing (32 5 6.4, p < 0.01)
In neurons and other cells in the CNS, constitutively active autophagy constitutes a major quality control mechanism contributing to the maintenance of cellular homeostasis (Boland & Nixon, 2006; Kiffin, Bandyopadhyay, & Cuervo, 2006; Levine, 2005; Nixon, 2013) . Altered and dysregulated autophagy is commonly linked to neurodegeneration (Boland & Nixon, 2006; Hara et al., 2006; Komatsu et al., 2006; Nixon, 2013) , and dysregulated autophagy is observed in patients with MS (Alirezaei et al., 2009; Liang & Le, 2015) . TEM analyses show that many of the axons in the DKO corpus callosum contain autophagosomes, autolysosomes, amphisomes, and MVBs consistent with delayed or dysregulated autophagy. DKO mice provide a system to study this further.
Proper regulation and control of the inflammatory response is required to protect OLs from damage and to promote remyelination (Diemel, Copelman, & Cuzner, 1998; Marriott et al., 2008; Merson, Binder, & Kilpatrick, 2010; Petković, Campbell, Gonzalez, & Castellano, 2016) . In demyelinating diseases such as MS, alterations in the innate immune system contribute to myelin damage, axonal loss and limit remyelination (Podbielska, Banik, Kurowska, & Hogan, 2013) . We TNF-a has multiple functions depending upon its interaction with its receptors. TNF-a signaling is critical for OL regeneration when signaling through the TNFR-2 receptor (Arnett et al., 2001) . As TNF-a is known to be a potent inducer of other proinflammatory molecules (Hurwitz, Lyman, & Berman, 1995) , it is likely that the expression of TNF-a alone or in conjunction with dyregulated inflammatory signaling contributes to the phenotype seen in DKO mice in the cuprizone model. During cuprizone diet, DKO mice showed highly elevated levels of
ProS1 mRNA expression, which should correlate with efficient debris
clearance; yet, more Oil Red O1 deposits and lipid droplets by TEM were observed in DKO mice. A more pronounced delay in debris clearance following CNS insult was also observed in Axl -/-mice (Hoehn et al., 2008; Weinger et al., 2011) . As Gas6 seems to be primarily responsible for debris clearance, ProS1 upregulation may partially compensate for the loss of Gas6 signaling to aid in phagocytosis; however, it appears to not fully compensate during recovery. The presence of increased numbers of pathological lipid droplets in the DKO corpus callosum raises some intriguing questions since it is unclear whether these residual lipids are from the demyelinating process, defective lipid metabolism within glial cells, or lipid sources within oligodendrocytes that are required for remyelination.
Motor skill learning in mice requires the generation of new oligodendrocytes, expression of transcription factors and central myelination (McKenzie et al., 2014) . Training and running on the wheel followed by testing on an uneven rung wheel was found to increase oligodendrocyte production and myelination (McKenzie et al., 2014) .
While wheel testing is informative for testing motor performance, examining remyelination following cuprizone withdrawal would be best using tests that do not require continual exercise over extended periods. Testing performance using balance beams and negative geotaxis does not require individual housing of mice, which can lead to depression, alter OPC number, or affect the extent of remyelination relative to unexercised mice. DKO mice had significant behavioral defects at 5-and 6-weeks cuprizone treatment. At 1-week recovery, we observed no significant differences between DKO and WT mice in balance beam and negative geotaxis performance. As DKO mice have increased inflammation while on cuprizone diet with subsequent axonal damage at recovery time points, it is likely that uncontrolled inflammatory processes contributed to the observed behavioral deficits at 5-and 6-weeks cuprizone treatment.
Thus, the DKO mice provide an excellent model to further characterize functions attributed to Gas6 and Axl signaling in the CNS, and a means to test treatment paradigms in models where the DKO demonstrate prolonged inflammation, demyelination, and axonal deficits, pathologic aspects observed in individuals with MS. (Hirano, 1971 (Hirano, , 1997 Malamud & Hirano, 1974 
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